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Abstract 
A new high strength 2A97 Al-Cu-Li-X alloy was subjected to triple-aging of retrogression and re-aging treatments (RRA). Trans-
mission electron microscopy (TEM), differential scanning calorimetry (DSC), and tensile tests were used to investigate the effects of 
RRA treatment on the microstructures and properties. DSC test reveals the reversion temperature range of the strengthening δ' (Al3Li) 
phase. The results show that the microstructure consists of δ' (Al3Li) phase, T1 (Al2CuLi) phase and θ"/ θ'(Al2Cu) phase for 2A97 alloy 
treated by a triple-aging of a retrogression and re-aging treatment in the following order: (1) at 165 ℃×30 min, (2) at 220  or 240℃   ℃
×15 min, (3) at 165 ℃×24 h. The plastic deformation, incorporated into the treatment after secondary high temperature aging, promotes 
the T1 precipitation during final re-aging. The tensile properties of the alloy treated by the retrogression and re-aging treatment reach the 
peak level of alloy single-aged at 165 ℃ in T6 temper.  
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1 Introduction* 
Al-Li alloys, though in possession of low den-
sity, high elastic modulus, and high resistance to 
fatigue crack growth, suffer from the disadvantages 
of low fracture toughness, high level of anisotropy 
of mechanical properties and susceptibility to 
stress-corrosion cracking(SCC)[1-3]. In Al-Li alloys, 
the poor ductility and intergranular fracture as well 
as susceptibility to stress corrosion cracking along 
grain boundaries in thick sections are associated 
with a pancake-shaped grain structure in rolled plate 
products. A retrogression and re-aging treatment, 
which is applied to Al-Zn-Mg-Cu alloys to improve 
the SCC resistance and fracture toughness in their 
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peak strength in T6 or T8 temper[4,5], also is con-
tributive to enhance the SCC resistance along grain 
boundaries of 8090 Al-Li alloy[6,7]. In addition to the 
dissolution of δ' precipitates into solid solution and 
the precipitation or growth of S' and T1 phases dur-
ing a retrogression treatment or a reversion treat-
ment at high temperature, the reduction in the extent 
of lithium segregation at grain boundaries results in 
a decrease in hardness and tensile strength and an 
increase in ductility and toughness for Al-Li-Cu- 
Mg-Zr alloys[8-11]. When the retrogressed alloy is 
re-aged at high temperature, the restoration of 
strength and ductility occurred because of the 
re-precipitation of the δ' phase in the matrix and the 
re-segregation of lithium at grain boundaries[6,8,9]. 
Since coherent ordered dispersoids of δ' (Al3Li) in 
2A97 alloy is prone to dissolve into the matrix, the 
present work examines the tensile properties and 
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microstructures of 2A97 which has undergone a 
retrogression and re-aging treatment with a plastic 
deformation incorporated into it after the high- 
temperature retrogression aging so as to accelerate 
the precipitation of T1 phases and/or δ' phase in the 
matrix.  
2 Experimental Procedure 
The material was in the form of 30 mm thick 
hot rolled plates of 2A97 Al-Cu-Li-X alloy. Samples 
were solution heat-treated at 520 ℃×2 h, and cold 
water quenched, then triple-aged at 165 ℃×30 h for 
initial aging under near peak-aged condition in the 
T6 temper, and retrogression aging at 220 /240℃   ℃
×15 minutes followed by water quenching. The final 
re-aging was conducted at 165 ℃×24 h. For the 
purpose of comparison, samples were initially un-
der-aged for various times at 150 ℃, 155 , and ℃
135 ℃, and finally re-aged at 135 ℃, 145 ℃, and 
155 ℃. Plastic deformation of 4%, 6.3%, and 9.7% 
were incorporated into the RRA treatment after the 
secondary high-temperature retrogression aging. 
The processes of the RRA treatment inclusive of 
those with an incorporated plastic deformation are 
designated in Tables 1 and 2. The samples aged at 
155 ℃×36 h were subject to retrogression aging at 
220 /240℃  ℃×15 minutes to determine the respon- 
ses of mechanical properties, as shown in Table 2.  
DSC samples in the shape of discs, each Ø6 
mm×1 mm thick, were heated from 23  to 580℃  ℃ 
at a rate of 10 / min in an argon atmo℃ sphere, us-
ing a STA-449C simultaneous thermal analyzer. 
TEM samples were prepared using a twin jet pol-
ishing unit with an electrolyzing solution of 30 
vol.% nitric acid and 70 vol.% methanol at –20 ℃. 
The microstructures were studied on a JEM-2000FX 
instrument operated at 160 kV. Tensile testing was 
performed at a crosshead speed of 1 mm/min on a 
cylinder sample with a gage length of 25 mm and a 
diameter of 5 mm. 
3 Results and Discussion 
Fig.1(a) and 1(b) show the influences of RRA 
treatments including those with an incorporated pla- 
Table 1  Designation of RRA treatments and those with 
an incorporated plastic deformation 
Designation Processes/(℃×h) 
S1 165×30 
T11 165×30+220×15*+165×24 
T12 165×30+240×15*+165×24 
TP1 165×30+220×15*+P6.3%+165×24 
T21 150×24+220×15*+165×24 
T22 150×24+240×15*+165×24 
TP2 150×24+220×15*+P6.3+165×24 
TP3 135×30+220×15*+P9.7%+145×18 
Table 2  Designation of singer aging, double agings with 
retrogression aging at 220/240 , and RRA ℃
treatments including those with an incorpo-
rated plastic deformation 
Designation Processes/(℃×h) 
S3 155×36 
D31 155×36 +220×15* 
D32 155×36 +240×15* 
S4 155×24 
T4 155×12 +240×15* +135×36 
TP41 155×24 +240×15* +P4% +135×36 
TP42 155×24 +240×15* +P4% +155×12 
*Denotes minutes and water quenching; S, D, T, and P denote sin-
gle-aging, double-aging, triple-aging, and plastic deformation, respec-
tively, as is used for Table 2. 
stic deformation (Table 1) on the tensile properties 
of 2A97 alloy. 
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Fig.1  Comparison of the effect of RRA treatments and 
those processes with plastic deformation on the ten-
sile properties of 2A97 alloy in (a), (b), and (c), and 
response of mechanical properties to retrogression 
treatment on alloy single aged at 155  for 36℃  h in 
(d). 
It is shown that the tensile strength after tri-
ple-aging processes T11, T12, T21, and T22 come 
close to the peak level in T6 temper, but lower than 
after single-aging at 165 ℃×30 h. The curves in 
Fig.1(c) show that the plastic deformation incorpo-
rated into the final re-aging leads to a larger in-
crease in tensile strength after processes TP1 and 
TP2 compared to the triple-aging without the addi-
tion of a plastic deformation. When the initial aging 
temperature decreases from 165  in pro℃ cesses T11 
and T12 to 150  in processe℃ s T21 and T22 for a 
decreased aging time, the tensile strength increases. 
The tensile strength of the alloy triple-aged by the 
processes T12 and T22 are lower than aged by 
processes T11 and T21. When a 9.3% plastic de-
formation is introduced into the triple-aging TP3, a 
yield of moderate strength is gained. The ultimate 
tensile strength, yield tensile strength, and elonga-
tion are of 517 MPa, 463 MPa, and 7%, respec-
tively.  
The responses of mechanical properties to ret-
rogression aging on the alloy single-aged at 155 ℃ 
×36 h (Table 2) is shown in Fig.1(d), from which, it 
follows that the higher retrogression treatment tem-
perature, the larger drop in tensile strength and lar-
ger increase in ductility. 
The tensile strength of the alloy (S3) single- 
aged at 155 ℃×36 h reaches the peak level of the 
alloy aged at 155  but higher than the alloy (S4) ℃
aged at 155 ℃×24 h. It means that, after the tri-
ple-aging processes T21, T22, and T4, the tensile 
properties reach the peak level of the alloy aged at 
155 .℃  
As compared with the alloy single-aged at  
155 ℃×24 h (Table 2), Fig.2 exhibits the tensile 
properties after triple-aging process T4 and tri-
ple-aging process with an incorporated plastic de-
formation TP41 and TP42. It is shown that the ten-
sile strength after a triple-aging process T4 is higher 
than that after single-aging at 155 ℃×24 h, but 
close to single-aging at 165 ℃×30 h. Moreover, its 
tensile strength is greater than that after processes 
T12 and T22. 
 
Fig.2  Trend of tensile properties of triple aging process and 
its modified processes (listed in Table 2), compared 
with the alloy single aged at 155  for 24℃  h. 
With the final re-aging temperature increased 
from 135  to 155℃  , triple℃ -aging with an incor-
porated plastic deformation yields higher tensile 
properties after the process TP42 at a moderate final 
re-aging temperature of 155 .℃  
Fig.3(a) shows a TEM micrograph of 2A97 al-
loy after a double-aging, where a retrogression ag-
ing at 220 ℃×15 min follows an initial aging at  
165 ℃×30 h. It is clear that the microstructure in-
cludes δ', T1 and θ''/ θ' phases showing the exis-
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tence of two edge-on variants and one broad-face 
variant of T1 phase in the bright field image together 
with two edge-on variants of θ' phase perpendicular 
to each other and spherical δ' and β' phases. 
Fig.3(b) through (d) show bright field and dark 
field images with plate-like T1 precipitates formed 
in the triple-aging process T11 and the process with 
an incorporated plastic deformation TP1, corre-
sponding to the <111> streak in the matrix [110] 
zone axis, and corresponding to the <100> streak at 
(100) in the matrix [100] zone axis. 
 
Fig.3  TEM micrographs of 2A97 alloy after double-aging with retrogression treatment at 220 ×15℃  min following initial ag-
ing at 165 ×30 h (a), after triple aging T11 (b) and (c), and that process with an incorporated plastic deformation TP1 ℃
(d) and (e). 
As shown in Table 3, the measured size of δ' 
and T1 from 350 to 400 particles respectively in the 
dark filed images, the average size of δ' and T1 after 
double-aging, where initial aging at 165 ℃×30 h 
followed by aging at 220 ℃×15 min, comes near 
that after the triple-aging process T11 and the proc-
ess with an incorporated plastic deformation TP1. 
The number density per area of δ' phase and T1 
phase after double-aging is lower than that after 
Table 3 Quantified characteristic of δ′ phase and T1 phase 
triple-aging process T11 and the process with an 
incorporated plastic deformation TP1. 
Fig.4 shows DSC scans of the solution-treated 
and water-quenched alloy naturally aged in two 
weeks. The thermograph exhibits two endothermic 
peaks at 119  (Peak ℃ A) and 230  (P℃ eak B). The 
first peak A represents partial dissolution of GP 
zones and fine δ' particles at both stages of water 
quenching and natural aging. The second peak B 
displays the dissolution of residual GP zones and δ' 
precipitates and those particles formed during the 
period of DSC scans. On the other hand, the first 
exothermic reaction peak C is ascribed to the pre-
cipitation and growth of δ' precipitates and θ''/θ' 
phase, while the second and third exothermic peaks 
δ′ T1 
Processes Average 
size of 
δ′/nm 
Number 
density 
/μm-2 
Average 
size of  
T1/nm 
Number 
density 
/μm-2 
Double 
aging 17 4×10
2 113 0.3×103 
T11 17.5 8×102 93 1.2×103 
TP1 16 8×102 110 2×103 
 YUAN Zhi-shan et al. / Chinese Journal of Aeronautics 20(2007) 187-192 · 191 · 
 
D and E probably to the growth of θ''/θ', T1, T2, and 
δ phases. Besides, DSC results indicate the occur-
rence of dissolution of δ' between 195.4 ℃ and 
249.9 .℃  
 
Fig.4  DSC analyses of the solution-treated and water- 
quenched alloy and naturally aged for two weeks. 
A significant improvement in the ST toughness 
of 8090 alloy plate is achieved after a shorter sec-
ondary aging of 5-10 minutes at 30-40  ℃ above the 
first aging temperature of 170 . ℃ It is assigned to a 
reduction in the extent of lithium segregation at 
grain boundaries[9] and dissolution of δ' phase or 
their precursors in the matrix[12]. The gradual de-
caying of the improving effects by subsequent ex-
posure to temperatures of 30-160  ℃ could be ex-
plained by re-segregation of lithium at the bounda-
ries[9], and  reform of very fine δ' phase at lower 
temperatures[12]. According to DSC, the endother-
mic peak B which shows dissolution of δ' at 230 ℃ 
reveals the reason the retrogression aging tempera-
ture of 220 /240℃   is chosen in the present work. ℃
At 220 , the diss℃ olution of δ' is accompanied with 
the coarsening of δ' phase in the retrogression state, 
while at 240  the dissol℃ ution rate exceeds the 
coarsening rate. Table 3 confirms the responses of 
tensile properties to the retrogression aging at   
220 ℃ and 240  for the 2A9℃ 7 alloy single-aged at 
155 ℃×36 h, and shows that the number density per 
area of δ' phase after double-aging at 165 ℃× 30 h 
and 220 ℃×15 min is half that after the triple-aging 
process T11 and the process with an incorporated 
plastic deformation TP1. Retrogression of alloy in 
the T6 temper causes the dissolution of fine δ' phase 
into solid solution, and results in a decrease in ten-
sile strength and an increase in ductility. The 
re-precipitation of δ' phase in the matrix and the 
growth and precipitation of T1 phase in retrogres-
sion state cause the restoration of strength and duc-
tility properties over final re-aging. Also it has been 
shown that the number density per area of T1 phase 
after double-aging is lower than that after triple- 
aging T11 and its modified process TP1.  
Because of dissolution of δ' phase and coars-
ening of δ' phase during retrogression treatment, 
vacancy concentration is increased in the Al-Li- 
Cu-Mg alloy. These vacancies remaining after ret-
rogression aging and water quenching can collapse 
into loops and helices during further artificial aging, 
providing nucleation sites for strengthening phase 
T1, transporting solute atoms to coarsen strengthen-
ing phase in the matrix supersaturated with Li atoms 
due to the dissolution of δ' phase[7,10,11], and, finally, 
accelerating the growth of T1 phase and δ phase at 
grain boundaries and sub-grain boundaries[12]. The 
dislocations in the matrix caused by plastic defor-
mation after retrogression aging facilitate the preci- 
pitation of T1 phase during final re-aging at 135 , ℃
145 , and 165℃  ℃. 
4 Conclusions 
After RRA treatments, which consist of initial 
aging at 165 , secondar℃ y high temperature aging 
at 220 ℃ or 240 ℃, and final re-aging at 165 ℃, 
2A97 alloy has a microstructure comprising δ', T1, 
and θ''/θ' phases. The plastic deformation, which is 
incorporated into the final re-aging after secondary 
high temperature aging, promotes the T1 precipita-
tion at 165 . The retrogression aging f℃ acilitates 
the precipitation of δ' and T1 phases. The tensile 
properties of the alloy after an RRA treatment and 
its modified process with an incorporated plastic 
deformation reach the peak level of alloy sin-
gle-aged at 165  in T6 temper. The a℃ lloy, which is 
treated by a triple-aging process T4 with initial ag-
ing at 155 ℃×12 h followed by retrogression treat-
ment at 240 ℃×15 min and final re-aging at 135 ℃ 
×36 h, results in an ultimate tensile strength, yield 
tensile strength, and elongation of 508 MPa, 420.5 
MPa, and 8%, respectively. The alloy treated by the 
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modified process TP42 with an incorporated 4 per-
cent plastic deformation, yields an ultimate tensile 
strength, yield tensile strength, and elongation of 
533 MPa, 476 MPa, and 8.7 %, respectively. 
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